Abstract: Diversity is positively correlated with water availability at global, continental and regional scales. With the objective of better understanding the mechanisms that drive these relationships, we investigated the degree to which variation in water availability affects the performance (recruitment, growth and survival) of juvenile trees. Precipitation was supplemented throughout two dry seasons in a seasonal moist forest in south-eastern Peru. Supplementing precipitation by 160mmmo \ we increased soil moisture by 17%. To generate seedling communities of known species composition, we sowed 3840 seeds of 12 species. We monitored the fates of the 554 seedlings recruited from the sown seeds, as well as 1856 older non-sown seedlings (10cm < height < 50cm), and 2353 saplings (> 1 m tall). Watering significantly enhanced young seedling growth and survival, increasing stem density and diversity. Watering diminished the recruitment of species associated with upland forests, but increased the survival of both upland-and lowland-associated species. Though supplemental watering increased the growth of older seedlings, their density and diversity were unaffected. Sapling performance was insensitive to watering. We infer that variation in dry-season water availability may affect seedling community structure by differentially affecting recruitment and increasing overall survival. These results suggest that differential seedling recruitment and survival may contribute to the observed relationships between water availability, habitat associations and patterns of tree species richness.
INTRODUCTION
Water availability strongly influences tree species diversity at continental and regional scales, and helps shape patterns of habitat association at local scales. At continental scales, water availability is strongly positively correlated with tree diversity (Allen et al. 2002 , Kreft & Jetz 2007 . Within tropical regions, including the Amazon Basin, there is a significant positive correlation between precipitation and local tree diversity (Clinebell et al. 199 S, Phillips et al. 1994) . More locally, for example, along the foothills of Western Amazonia, tree diversity is greater in the aseasonal ever-wet forests of Ecuador than in the seasonal moist forests of south-east Peru (Pitman et al. 2002) . Despite the ubiquity of the positive correlations 1 Corresponding author. Current address: UMR EcoFoG -ENGREF, Campus agronomique, BP 709,9 73 79 Kourou cedex, French Guiana. Email: timothy.paine@ecofog.gf between diversity and precipitation across scales, we lack a complete understanding of the mechanism(s) that give rise to these relationships.
The frequency and intensity of droughts may play an important role. In many tropical forests, seasonal droughts occur once or twice per year, depending primarily on latitude. Droughts related to El NinoSouthern Oscillation cycling have been linked to increased seedling and adult tree mortality in Amazonia, Malaysia and Central America (Condit et al. 2004 , Delissio & Primack 2003 , Williamson et al. 2000 . The clearest evidence of the effects of sustained drought in a tropical forest comes from Brazil, where a 3-y experimental reduction in precipitation increased the mortality of stems > 2 cm dbh by 38% (Nepstad et al. 2007 ).
Drought, seasonal or otherwise, imposes an ecological filter (sensu Harper 1977 ) that removes droughtintolerant individuals from a community, and may reduce its diversity. One hypothesis for the lower diversity of seasonal moist tropical forests, as compared with aseasonal wet forests (Pitman et al. 2002) is that to persist in seasonal forest, individuals must be to some degree drought-tolerant. Should drought remove all individuals of a species from a community, its species richness would be reduced. In accordance with this hypothesis, drought tolerance varies widely among species, and the prevalence of drought tolerance declines across a gradient of increasing precipitation in Panama (Engelbrecht & Kursar 2003 , Engelbrecht et al. 2007 . In French Guiana, habitat associations of species were concordant with tolerance of experimental drought (Baraloto et al. 2007) . Together, these studies suggest that variation in drought tolerance may play a substantial role in generating habitat associations, and limiting local diversity (Engelbrecht & Kursar 2003, Harms et al. 2 001) .
In this study, we experimentally supplemented precipitation throughout two consecutive dry seasons in a seasonal moist forest to better understand the mechanisms that underlie the relationships between precipitation and diversity. Wright (1992) hypothesized that increased water availability increases local diversity by ameliorating competition for soil moisture and by increasing year-round host-specific pathogen and herbivore pressure. This may occur via several pathways. Diversity may be affected through changes in survival: diversity could be enhanced by increased overall survival, or increased survival of drought-intolerant species (Tanner & Barberis 2007) . Increased water availability could also affect diversity by increasing growth rates, since rates of growth and survival for juvenile forest trees are positively correlated (Fisher et al. 1991 , Yavitt & Wright 2008 . A third, and previously untested, pathway by which increased water availability may affect diversity is by enhancing recruitment of all species, or drought-intolerant species. To test the support for these mechanisms, we assessed individual performance, measured as recruitment, survival and growth, for three subsets of the juvenile tree community: seedlings recruited from sown seeds, non-sown older seedlings, and saplings. We focused on juvenile trees since they may be most susceptible to changes in water availability, due to their limited root systems and competition with adults for soil moisture (Lewis & Tanner 2000) . Working with synthetic communities derived from sown seeds further allowed us to test the hypothesis that species associated with lowland forests would respond more positively to increased water availability than would species associated with upland forests, which are presumably more drought-tolerant.
STUDY SITE AND SPECIES
This study was conducted at the Centro de Investigation y Capacitacion Rio Los Amigos (CICRA), in south- eastern Amazonian Peru (12.57°S; 70.10°W; 280m asl). The site is characterized as tropical moist forest (Holdridge 1947) . Annual precipitation between 2000 and 2007 was 2628 ±495 mm (mean ± SO), with substantial seasonal variation in precipitation (http://atrium.andesamazon.org). A common definition of dry-season length is the number of months with less than 100 mm precipitation (Bunker & Carson 2005) . By that definition, the average dry season lasted only 4 wk (occurring in August; Figure 1 ). Nevertheless, the dry season is generally considered to span May-September, during which period mean monthly precipitation in the 8-y period was 114 mm. The forests of the Rio Los Amigos watershed are extremely diverse, containing at least 380 species of tree (http://atrium.andesamazon.org). As in Paine & Harms (in press ), species were included in the seed-addition experiments of this study based upon three criteria. First, fruit needed to be available in March 2005, when seeds were added. Second, their seeds had to be sufficiently large to be easily cleaned and sown. Third, fruiting adults had to be sufficiently common and fecund to provide 400 seeds per species for sowing. These criteria yielded 12 species of canopy tree, representing nine families, all of which are primarily vertebrate-dispersed and shade-tolerant (Foster & Janson 1985) . Mean adult abundances and seed masses were determined from censuses of 20.5 ha in floodplain and terra firme forests of the Madre de Dios watershed (C. Vela, unpubl. data; J. Terborgh et al. unpubl. data) . Adult abundances of the 12 species ranged from < 0.01-45 trees ha -1 (median = 2.4 trees ha -1 ), and seed mass range was 0.05-6.5 g (median = 2.4 g). We refer to upland, never-flooded forests as terra firme', and to lowland forests in the floodplains of the Rio Madre de Dios and Rio Los Amigos as 'floodplain' forests. Species associations with terra firme or floodplain forests were determined by inspection of the census data used to compile adult abundances. Four species are primarily found in terra firme forest, with the remaining eight species associated with floodplain forest. One terra firme-associated species (Bertholletia excelsa) failed to recruit any seedlings, and is not included in any analyses. Mean seed mass did not differ significantly between terra firme and floodplainassociated species (Fi, 9 = 0.99, P = 0.34), as both smalland large-seeded species were associated with each forest type. Species names and distinguishing characteristics are presented in Table 1 .
METHODS
We selected a relatively homogeneous 0.5-ha site that was free of recent tree-fall gaps and inundated swales adjacent to Cocha Lobo, an oxbow lake formed by lateral migration of the Rio Los Amigos. fn March 2005, at the end of the rainy season, we laid out a grid of eight 20x20-m plots, separated from each other by at least 10 m (Figure 2 ). In watered plots, nine sprinkler heads arranged in a square grid evenly supplied supplemental precipitation. Sprinkler heads sprayed water 10 m, so that every point (except for along plot borders) would receive water from four sprinklers, if not for interception by vegetation (as in Wright & Cornejo 1990 ). These were supplied via PVC pipes by a 3.7 kW gasoline-powered selfpriming pump, which delivered water from Cocha Lobo at an approximate rate of 15 m 3 h _1 . We supplied supplemental precipitation throughout the dry seasons (mid-April-mid-September) of 2005 and 2006. The sprinkler system was operated twice weekly for approximately 2 h each time, without regard to the quantity of natural precipitation. The rate of water application was sufficiently slow to avoid substantial above-ground surface flow. To assess the efficacy of our watering treatment, we measured soil moisture to a depth of 15 cm in watered and unwatered plots with time domain reflectometry (TDR 200, Spectrum Technologies, Inc.). Precipitation, natural and supplementary, was measured with simple rain gauges placed in watered and unwatered plots at a height of 1.5 m. These measurements were made immediately before each watering event (i.e. 3 or 4 d following the previous watering event). They provide therefore a conservative estimate of the effectiveness of our watering treatment.
In each of the eight 20x20-m plots, we tagged, identified and measured every sapling > 1 m in height and < 10 cm dbh (diameter at breast height; 140 cm). For small saplings, defined as < 1 cm dbh, we measured height to the nearest 5 cm. For large saplings, defined as dbh > 1 cm, we measured dbh to the nearest mm. Within each 20x20-m plot, we randomly located 24 pairs of 1-m 2 circular subplots to assess the seedling layer. In one of each pair of subplots, we monitored the growth and survival of all woody seedlings between 10 and 50 cm in height. Species from primarily scandent taxa (e.g. Byttneria (Sterculiaceae), Menispermaceae, most Sapindaceae and most Malpighiaceae) were excluded. The other subplot of each pair was used to study young seedlings. Four plots were designated as unsown controls used to monitor natural recruitment. Into the other 20 subplots, we added seeds to obtain synthetic communities with known initial compositions. Into these 'sown' plots, we sowed exactly 24 seeds, which were drawn randomly and evenly from a pool of 1, 2, 4, 8 or 12 species in order to generate variance in community composition. In these plots, we monitored only seedlings recruited from the seeds we added. In March 2005, seeds were Figure 2 . Schematic diagram of the experimental design. Watered plots were interspersed among unwatered plots. Each watered plot received at least 20 mm of supplemental precipitation twice-weekly from a grid of nine sprinkler heads. In all plots, seedlings were sampled in 24 sets of paired, randomly located 1-m 2 subplots. In one of each pair, older non-sown seedlings were monitored, whereas in the other, young seedlings recruited from sown seeds were monitored. They are denoted in the diagram by filled and unfilled circles, respectively. manually sprinkled over plots without disturbing the soil in any manner (Paine & Harms in press ). The vegetation in each plot was lightly shaken to ensure that seeds settled to the surface of the leaf litter. Seed-addition plots were not protected against incursion by seed predators or herbivores.
Censuses for growth and survival occurred in At all censuses, all seedlings were individually tagged, identified and their stem heights were measured to the nearest cm. For sown seedlings, recruitment was defined to be synonymous with germination, whereas non-sown seedlings were defined as recruits only upon attaining a height of 10 cm.
Statistical analyses
The individual-level responses of interest in this study were recruitment, growth and survival, and two of the community-level responses were density and diversity. Generalized linear models predicted each response variable as a function of date and watering treatment. Growth models were blocked on individuals nested within subplots nested within plots, and other models were blocked on plots only. The growth of small and large saplings was assessed separately. As measures of diversity, we assessed species richness and the Shannon and Simpson indices. Height, Shannon and Simpson indices were modelled as drawn from Gaussian distributions. For all three size-classes, survival was modelled as a binomial draw given the number of stems present in the previous census. Additionally, the recruitment and species richness of the synthetic communities recruited from sown seeds were modelled as binomial draws given the density and richness of the sown seeds. Other variables were count data, and were accordingly modelled as draws from Poisson distributions. An examination of residual plots indicated that these variables did not require transformation to meet model assumptions.
To assess community-level species compositional changes, an additional set of generalized linear models estimated the interaction between watering treatment and the habitat with which adults of each species were associated. These analyses averaged over observation dates and were performed only for young seedlings, since they recruited from experimentally sown seeds of known species composition.
All analyses were performed in R 2.8.0 (R Foundation, Vienna, Austria), using the nlme package for generalized linear models (Pinheiro & Bates 2002) .
RESULTS
Each watering event provided at least 20 mm of supplemental precipitation (or about 160mmmo _1 ). Supplemental watering thereby increased soil moisture throughout the dry season by 17% ± 18% (mean ± SD; Figure 1 ).
Young seedlings recruited from sown seeds
The effects of supplemental watering on the performance of individuals are presented in Figure 3 . Of the 3840 seeds we sowed, 14.4% germinated and were observed as seedlings; 418 recruited within 4 mo of sowing, with an additional 103 and 32 seedlings germinating after 12 and 24 mo. Forty-one seedlings of sown species recruited as 'volunteers' in control subplots where no seeds were sown. The overall percentage of sown seeds that recruited did not differ between plots that received supplemental watering and those that did not (Figure 3a , deviance = 1.01, df = 1, P = 0.32). There was a watering treatment x date interaction, driven by increased recruitment in June 2005 in watered plots (deviance = 8.4, df=2, P = 0.01). Seedlings in watered plots grew significantly more than those in unwatered plots (Figure 3d , watering x date interaction: F2,206 = 4.2, P = 0.017). Seedling survival was also significantly greater in plots that received supplemental watering (Figure 3g , deviance =31.3, df = 1, P < 0.0001). Survival increased and became more similar between watered and unwatered treatments as seedlings grew and aged (date: deviance = 46.2, df= 1, P< 0.0001; watering by date interaction: deviance = 8.9, P = 0.0003). Growth rates were correlated with survival probability: seedlings that grew substantially in the first census interval were more likely to survive to the end of the 2-y experiment (Logistic regression, deviance = 9.6, df = 1, P = 0.002). Substantial mortality of seedlings recruited from sown seeds significantly reduced stem density and thus diversity over time in both treatments ( Figure 3j , density: deviance = 21.7, df = 2, P < 0.0001; richness: deviance = 60.7, df= 2, P< 0.001). Even so, watered plots had greater density and species richness than did unwatered plots (Density: deviance = 38.4, df=l, P< 0.0001; Richness: deviance = 10.6, df = 1, P = 0.0001). Results for all three diversity indices were similar. We therefore present only results for species richness.
Older non-sown seedlings
We monitored the fates of 1856 non-sown seedlings. Watering had no effect on their recruitment (Figure 3b , deviance < 0.9, df= 1,P > 0.34). Before watering, seedlings in watered and unwatered plots were of similar height; thus there was no overall effect of watering on height of non-sown seedlings (Figure 3e , Fi,6 = 1.76, P = 0.23). However, seedlings grown in watered plots grew taller than did seedlings in unwatered plots (watering by date interaction: F2,1943 = 8.46, P = 0.0002). The survival of non-sown seedlings was unaffected by the watering treatment ( Figure  3h , deviance = 0.5, df= 1, P = 0.47). As with sown seedlings, seedling survival was positively associated with growth rate (Logistic regression, deviance = 8.0, df= 1, P = 0.005). Watered plots were significantly denser and more species-rich than unwatered plots (Figure 3k and 3n, Density: deviance = 14.3, df=2, P = 0.001; Richness: deviance = 4.6, df=2, P = 0.03).
Sown seedlings
Non-sown seedlings Saplings Observa tion period . Significance values are as follows: *: P < 0.05; **: P < 0.001; ***: P < 0.0001. Note that the y-axis scales vary among panels. Supplemental watering increased the survival and growth of young seedlings, but only the growth of older, naturally recruited seedlings. Supplemental watering did not affect the performance of saplings.
However, because these differences were observed upon the initiation of the study, they cannot be attributed to the watering treatment.
Saplings
Supplemental watering had minimal effects on the performance of the 2353 saplings we monitored. More saplings recruited into the 1-m-tall size class in unwatered plots than watered plots (Figure 3c , deviance = 7.9, df= 1, P = 0.005). Sapling recruitment led to significant increases in sapling stem density over time in both watered and unwatered plots (Figure 3i , deviance = 6.8, P = 0.009). The density of watered plots was significantly less than that of unwatered plots (Density: deviance = 17.2, df=l, P< 0.0001). As for non-sown seedlings, however, this difference existed at the first census and cannot be attributed to the watering treatment. Otherwise, watering treatments had no substantial effects on the height growth of small saplings (Fi, 5 = 1.4, P = 0.28), diameter growth of larger saplings, (F, ^ = 0.05, P = 0.83; results not shown), survival (deviance = 0.01, df= 1, P = 0.91) or species richness (deviance = 0.08, df= 1, P = 0.77).
Interactions with habitat association
We assessed the interactive effects of supplemental watering and habitat association on the performance of seedlings recruited from sown seeds with a separate set of generalized linear models. In general, supplemental watering boosted the performance of species associated with floodplain habitats, and diminished the performance of species associated with terra firme habitats. Recruitment of floodplain species was approximately twice that of terra firme species (Figure 4a , deviance =78, df= 1, P< 0.0001). Though watering had no overall effect on recruitment (deviance = 0.60, df = 1, P = 0.44), it significantly decreased the recruitment of species associated with terra firme forests (deviance = 7.8, df = 1, P = 0.01). After recruitment, watering increased the survival of both terra firme and floodplain species similarly (Figure 4b , deviance = 12.0, df= 1, P = 0.001), with no effect of habitat association (deviance = 0.01, df = 1, P = 0.99) and no significant interaction (deviance = 0.16, df= 1, P = 0.69). These differential effects of recruitment and survival combined, such that the watering treatment increased the density and species richness of floodplain species while decreasing the density and species richness of terra firme species (Figure 4c and 4d, stem density: deviance = 20.0, df = 1, P< 0.0001; species richness: deviance = 5.77, df= 1, P = 0.02). Figure 3 . Supplemental watering increased the performance of species associated with floodplain forests, while diminishing the performance of species associated with terra firme forests.
DISCUSSION
Our results indicate that seedling survival and growth, more than recruitment, vary with dry-season precipitation to affect seedling community structure. We thus found support for all three pathways linking water availability and local diversity, though to differing degrees. The survival and growth pathways were strongly supported. Regardless of habitat association, watering increased the survival of young seedlings. Watering also boosted growth, and individuals that grew more had an increased probability of surviving to the end of the experiment. On the other hand, there was little support for the third pathway, as supplemental precipitation had no overall effects on seedling recruitment, though it did reduce the initial recruitment of terra firme species. Our results thus diverge from those of previous studies, which found supplemental precipitation to affect seedling growth, but not survival (recruitment was not assessed; Bunker & Carson 2005 , Fisher et al. 19 91, Yavitt & Wright 2008 .
Integrating the effects of recruitment, growth, and survival, increased dry-season precipitation boosted the density of young seedlings, though not older seedlings. Because we generated synthetic communities by sowing seeds, we were also able to test the effect of watering on diversity: watering also increased species richness for young seedlings. We attribute most of the positive relationship between supplemental watering and increased species richness to increased seedling survival.
Because variation in dry-season precipitation among years may be substantial, seedling responses to it may play an important role in shaping species distributions and limiting local diversity. For example, at Estacion Biologica Los Amigos, where this study was conducted, the coefficient of variation in monthly dry-season precipitation between 2000 and 2007 was 48%, compared with 35% for monthly rainyseason precipitation. Variation in dry-season seedling survival among forests may be an important mechanism underlying the relationship between water availability and diversity.
We must exercise caution in inferring linkages between seedling performance and habitat association as many functional traits may affect seedling recruitment and survival. Prominent among these is seed mass. For logistical reasons, our study did not include any very small-seeded species, which tend to be more light-demanding than are larger-seeded species (Paz & Martinez-Ramos 2003) . Though the terra firme and floodplain species examined in this study both included ample range in seed mass, only three species were associated with terra firme forests. Further study linking seedling performance and water availability with more species, and in relation to functional traits may be very productive (Poorter & Markesteijn 2008) .
Our estimates of habitat association are based solely on the distribution of these species in south-eastern Amazonian Peru, though some species examined range throughout the Neotropics. Notably, Spondias mombinwas found to be remarkably drought resistant in a Bolivian study (Poorter & Markesteijn 2008) . Nevertheless, the reduced recruitment of terra firme-associated species in watered plots suggests a mechanism that may restrict some of these species to drier habitats (Figure 4) . For example, their seeds and seedlings may be more susceptible to water-borne pathogens, the prevalence of which is hypothesized to be greater in wetter habitats (Wright 1992) . Our ability to test this hypothesis is limited since we did not explicitly examine pathogens in our study. Nevertheless, anecdotal evidence is consistent with this hypothesis. Iriartea deltoidea, the most common canopy palm throughout western Amazonia, was found at lower densities in watered plots than in unwatered plots at the end of the experiment, and its seedlings are susceptible to a pathogenic water-borne fungus, Diplodia mutila (Alvarez-Loayza et al. 2008) . The prevalence of this and other pathogens may have been greater in watered plots. Further research into the epidemiology of fungal pathogens would be necessary to rigorously assess this hypothesis.
Conversely, the stem density of floodplain-associated species was significantly greater in watered plots than unwatered plots, whereas the survival of terra firme species did not differ. This pattern suggests that floodplain species may be less tolerant of seasonal drought than are terra firme species. Our data thus support recent results from studies in Panama and French Guiana (Baraloto et al. 2007 , Engelbrecht et al. 2007 , and is consistent with the hypothesis that differential seedling performance contributes to habitat associations.
There was a clear decrease in the influence of watering with ontogeny. Watering had strong effects on young seedlings recruited from sown seeds, relatively limited effects on older naturally recruited seedlings (increasing only growth rates), and no effects on the performance of saplings. Our results thus parallel those of Bunker & Carson (2005) . We infer these differences to be related to differential access to soil water and stored carbohydrates. In the floodplain forest where this experiment was conducted, the water table is not far beneath the surface, even in the dry season. Even so, larger plants have access to deeper sources of water, and should be better able to withstand periods of drought. With their greater height and leaf area, larger plants can produce greater stores of non-structural carbohydrate, easing them through periods in which respiration outlays are greater than photosynthetic income. This is suggested by the increase in survival for young seedlings through January 2006 and January 200 7, as well as in the differences in survival among young seedlings, older seedlings and saplings (Figure 3) .
In this experiment, we supplemented dry-season precipitation, and thereby decreased seasonality in precipitation. We did not modify any of the other factors associated with the rainy season that plants may utilize as phenological cues, such as cloudiness, leaf area index or day length. These factors, among others, may offset the increased individual performance imparted by supplemental watering. For example, individual performance in the rainy season may be limited by the reduction in light availability imposed by cloud cover, offsetting the effects of increased precipitation (Graham et al. 2003) . A complete test of the effects of seasonal!ty would require reciprocal transplantations between sites of differing degrees of seasonality.
We performed a field experiment to investigate the mechanisms that underlie the often-observed positive relationship between precipitation and tree-species diversity. Investigations of seedling performance are more frequently set in greenhouses, where light levels and consumer pressures (among other factors) may be controlled to a degree rarely found in forest settings. Alternatively, correlations have been drawn between plant performance and the occurrence of seasonal or ENSO-related droughts. This approach is complicated by the difficulty of disentangling the effects of water availability from other co-varying factors associated with natural droughts. In this field experiment, supplemental watering increased seedling growth and survival, though the effects of supplemental watering decreased with ontogeny. Furthermore, watering reduced the initial recruitment of terra fume-associated species while increasing the survival of floodplain species, generating shifts in community composition. Together, our results suggest that differential recruitment and survival at very early stages may contribute to the observed relationships between water availability, habitat associations, and patterns of tree species richness.
